6. van Kleunen, M., Essl, F., Pergl, J., Brundu, G., Carboni, M., Dullinger, S., Early, R., Gonzá lez-Moreno, P., Groom, Q.J., Hulme, P.E., et al. Sex hormones have easy access to the brain and their receptors are expressed by cortical neurons. Until recently, little was known about what impact, if any, they have on cortical processing. New data reveal that estradiol potently alters inhibitory neurotransmission in the neocortex.
The neocortex is considered the seat of higher cognition and is often placed at the top of the hierarchy of brain structures due to its late appearance in evolution and its capacity for complex computation. Steroid sex hormones, in contrast, are associated with ancient 'instinctive' behaviors like fighting, mating and parental care. Given the perceived gap between the elevated functions of the neocortex and the base functions of the gonads, it is not surprising that few studies have examined the effects of gonadal hormones on neocortical circuits.
Emerging work suggests we have underestimated the influence of gonadal hormones. Steroid hormones released by the gonads (ovaries and testes) circulate throughout the body and can diffuse through lipid membranes including those of cells that form the blood-brain barrier.
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The body and brain-wide access of gonadal hormones may be ideal for coordinating transitions in function across body systems, the neocortex included. There is a rich literature describing the effects of gonadal hormones on numerous subcortical structures, and gonadal hormone receptors are also known to be expressed in the neocortex [1, 2] .
Recent work is revealing powerful functional impacts of gonadal hormones on neocortical circuits. Converging data show that ovarian hormones can regulate inhibitory neurotransmission in the neocortex of the female rodent brain both at the onset of puberty and in adulthood across the estrous cycle ( Figure 1 ). These effects appear to be focused on a specific cell type, but one that can have powerful effects on the function and plasticity of neocortical circuits. In this issue of Current Biology, a paper by Clemens et al. [3] shows that the estrous cycle powerfully regulates the activity of fast-spiking parvalbumin interneurons in the somatosensory neocortex in the whisker-responsive region known as the barrel cortex.
While recording from the brains of female rats experiencing whiskermediated facial touch with another rat, Clemens et al. first observed that the ongoing firing rate of fast-spiking neurons in barrel cortex was significantly modulated by estrous cycle. Fast spiking neurons fired more during estrus, when estradiol and progesterone levels are high. They then used whole-cell techniques during estrus and non-estrus to record from putative excitatory pyramidal neurons in vivo. They found that during periods of estrus, touchevoked inhibitory postsynaptic potentials (IPSPs) occurred at a shorter latency compared to non-estrus. Spontaneous IPSPs onto these putative pyramidal neurons were also more frequent during estrus.
To further test if estrous cycle modulation of inhibitory neurotransmission in the barrel cortex was mediated by local mechanisms, Clemens et al. ovariectomized female rats and locally applied 17 beta-estradiol to the barrel cortex. They found that local estradiol infusion reproduced estrouscycle modulations of fast spiking interneuron firing rates. These data suggest the mechanism of action should be in the neocortex, not relayed by a subcortical region.
The authors focused their search for a local cortical mechanism on the fast spiking interneurons, which largely express the calcium-binding protein parvalbumin (PV). PV+ neurons had previously been shown to express estrogen receptors [2, 4] but due to questions regarding the specificity of estrogen receptor antibodies, Clemens et al. used in situ hybridization to show that PV+ neurons in deep layers of barrel cortex express the estrogen receptor ER-beta. They also performed specific studies of PV+ neurons and found that during estrus the current required to elicit spiking in PV+ interneurons was lower than in non-estrus. These data provide compelling evidence that estradiol acts locally in the neocortex at estrogen receptors expressed by deep layer PV+ neurons in the barrel cortex to modulate their intrinsic excitability. This change in interneuron excitability is highly localized but likely to have powerful downstream effects on the barrel cortex microcircuit by altering the timing and balance of inhibitory to excitatory transmission. Similar ovarian hormone effects have been observed in the frontal cortex regions at puberty [5] (Figure 1 ). (A) Shortly after birth until puberty, male and female gonadal steroid production declines to undetectable amounts (juvenile hiatus). After the onset of puberty, females experience cyclic fluctuations in hormones associated with ovulation known as the estrous cycle. The hormonal milieu of post-pubertal males is characterized by consistently high levels of testosterone, but there is evidence for periodic variation in testosterone release as well. In adulthood, gonadal hormones are believed to activate neural circuits that were organized by the hormonal milieu during development (reviewed elsewhere). (B) Piekarski et al. [5] found that the frequency of miniature inhibitory postsynaptic currents (mIPSCs) but not miniature excitatory postsynaptic currents (mEPSCs) onto layer 2/3 pyramidal neurons in the frontal cortex increased as a function of gonadal hormone exposure at puberty: pre-pubertal ovariectomy prevented this increase while experimentally advancing puberty accelerated it. Together these data suggested that ovarian hormones enhance inhibitory neurotransmission, but there was no direct evidence to implicate a specific inhibitory cell type. (C) Clemens et al. [3] (in this issue) found estrous cycle-dependent changes in fast-spiking interneurons, the majority of which express parvalbumin (PV). In particular, barrel cortex PV+ neurons fired more during the estrus phase (E), encompassing vaginal pro-estrus and estrus when ovarian hormone levels are high, compared to non-estrus (NE). When they performed in vivo whole-cell recordings from putative pyramidal neurons, they found that the frequency of inhibitory but not excitatory postsynaptic potentials (PSPs) was increased during estrus compared to non-estrus (similar to changes observed at puberty). By isolating ER-beta-dependent changes in intrinsic excitability to PV+ neurons, Clemens et al. provide critical evidence linking estradiol to selective modulation of cortical PV interneuron activity. Panel A reprinted by permission from Springer Nature: Nature Reviews Neuroscience [17] ª 2017. Current Biology 29, R120-R136, February 18, 2019 R123
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What Is the Function of Ovarian Hormone Driven Changes in Inhibitory Neurotransmission? These data show exciting effects of ovarian hormones on neurotransmission in the neocortex but do not tell us the ultimate function of these changes. Shorter sensory-evoked IPSP latencies could shorten the amount of time for sensory-evoked excitation, thus altering sensory integration. We can speculate that sensory integration may vary as a function of the estrous cycle in order to mediate reproductive behavior but this was not tested explicitly. Estrous cycle-dependent changes in inhibition were tested primarily in the context of social touch in this study. However, estrous cycledependent changes in inhibition were also found in anesthetized rats after an air puff to the whiskers. Therefore, further experiments will be needed to clarify if any aspects of hormonemediated changes in inhibitory neurotransmission show selectivity for social contexts.
It is known that acetylcholine has a significant neuromodulatory influence on PV+ interneuron activity, suggesting that contexts that engage top-down control may influence PV+ interneuron firing through cholinergic mechanisms [6, 7] . How cholinergic neuromodulation may interact with ER-beta activation during the estrous cycle, and whether ER-beta+ PV+ interneurons preferentially inhibit specific pyramidal neuron cell types are open questions.
Implications for Understanding Human Disease
The study of gonadal hormone impacts on neocortical function should help illuminate the origins of human disease, particularly diseases that show male or female bias, differences in lifestage onset, or periodicity linked to hormonal fluctuation. What about Males? While Clemens et al. focused on estrous effects on social touch and sensory processing in female rodents, it is important to note that gonadal hormones, including estradiol, may similarly modulate the neocortex in males. Males also express the full complement of canonical gonadal steroid receptors (e.g. androgen, progesterone, and ER-alpha and ER-beta receptors) in the neocortex [8] . Importantly, there are known mechanisms by which circulating androgens may activate ER-beta to elicit parallel physiological effects in males ( Figure 2 ). One is via conversion of testosterone to estradiol via the enzyme aromatase, which is present in the cortex; a second, which is less well-established in cortex, is the metabolism of a testosterone metabolite, dihydrotestosterone, into 5-alpha-androstane-3-beta-17-beta-diol (3-beta-diol), an estrogen receptor agonist [9] . These are two potential mechanisms by which local ER-beta agonist concentrations in males may reach or even exceed those in females. Unfortunately, at present we know little about the characteristics or functional significance of cortical aromatase and 3-beta diol activity in rodents of either sex. With further study in both males and females we should obtain a better understanding of the specific mechanisms by which gonadal steroids impact cortical physiology and function.
What Do These Data Mean for Research Practice?
Historically there has been a strong bias towards use of males in biomedical research [10] Figure 2 . Gonadal hormones in males can drive estrogen receptor activation in the brain through conversion.
Males express the full complement of gonadal hormone receptors, and synthetic pathways allow for the conversion of androgens into estrogens, which can then activate estrogen receptors in the brain. This conversion occurs primarily via two different pathways. (A) Through aromatization, testosterone is converted to 17b-estradiol which can then activate estrogen receptors ER-alpha and ER-beta. This process can occur locally in the cortex. (B) Alternatively, androgens other than testosterone can be metabolized to estrogen receptor agonists, including the conversion of the testosterone metabolite 5a-DHT to 3b-diol, a potent ER-beta agonist. Given that ER-beta receptors also localize to PV+ interneurons in the male brain, it is possible that male gonadal hormones could regulate PV+ neuronmediated inhibitory neurotransmission, but on timescales that differ from the estrous cycle in females.
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Dispatches proposals to study both male and female subjects unless exclusion of one sex can be justified. The data reported by Clemens et al. could be used to justify future exclusion of females. However, it should be appreciated that in a recent survey of numerous behavioral and physiological measures, female subjects often showed equal or less variable data than male subjects [11, 12] . Indeed, with respect to gonadal hormones, males too can exhibit significant variability, albeit at time scales different from females. In males, testosterone is released from the testes in periodic, high amplitude pulses that vary on ultradian and circadian schedules [13, 14] and can be elicited in response to social and conditioned cues [15, 16] . Thus, the mechanisms that Clemens et al. implicate in the periodic hormonal regulation of somatosensory cortex could be present in males as well, but would likely be regulated by a different set of cues.
We believe, contrary to the classic reasoning, that sex differences in the circulating hormonal milieu should be a motivating factor rather than a deterrent in including both sexes in biomedical research. Therefore, studies in males and females that build on those of Clemens et al. [3] , as well as a recent study from our own group [5] , will be critical to understand the full scope of work performed by gonadal hormones in the neocortex.
Animals modulate their behavior by interacting with others. Nevertheless, popular theories of vocal learning frequently overlook the role of ongoing social interactions. New research suggests that a social feedback loop between young male zebra finches and adult females guides the process of song learning.
Speech development is a remarkable learning process. A baby initially only produces crying, cooing, or fussing sounds, but will after a few months start to produce adult-like sounds and eventually learn to speak. How can we explain these transitions? The traditional theory of speech learning goes as follows. Initially, the infant listens repeatedly to a word from a caretaker, which allows the infant to form a memorized template of the sound.
